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Abstract 

The synthesis of a 1,3-bis( 4-fluorobenzoyl)-5-ten-butyl benzene and hexafluoro bisphenol A based poly( arylene ether ketone) (PEK) 
was described. The electrically conductive composites of polypyrrole ( PPy) and PEK were formed by electropolymerization of pyrrole on a 
PEK coated platinum electrode in a medium containing water andp-toluenesulfonic acid as the solvent and the electrolyte, respectively. The 

electrical conductivity of the composites was found to be between 1 and 4 S/cm. The polypyrrole/poly(ether ketone) composites were 
characterized by scanning electron microscopy, FT-IR and thermal analyses (TGA, DSC). 0 1997 Elsevier Science S.A. 
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1. Introduction 

In recent years, the electrical and optical properties of con- 
ducting polymers synthesized by electrochemical polymeri- 
zation have been studied in great detail. Considerable 
attention has been paid to the polymers of five-membered 
heterocycles such as polypyrrole, polythiophene and poly- 
acetylene, since they can substitute for conductors and semi- 
conductors in a wide variety of electric and electronic devices. 
The features of conducting polymers such as reversibility, 
availability in film form and good environmental stability 
enhance their potential use in practical applications. 

One of the most widely studied polymers, polypyrrole 
( PPy), can be obtained chemically or electrochemically. The 
electrochemical polymerization of pyrrole has been exten- 
sively studied as it is easily obtained in the form of free- 
standing films, and has good environmental stability and 
conductivity. It has been shown that PPy has many techno- 
logical applications as secondary batteries [ l-31, electro- 
chromic display devices [ 4,5], light-emitting diodes [ 6,7], 
capacitors [ 8,9], sensors [ lo-121 and enzyme electrodes 
[ 13-151. 

Since conjugated conducting polymers without long flex- 
ible side chains are brittle, especially after doping, blending 
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them with insulating polymers in order to improve their 
mechanical properties and processability has been attempted. 
Several efforts have been madeto combine these polymers 
with ductile or tough materials. The most successful way of 
forming composites was found to be the electropolymeriza- 
tion of the conducting component on an electrode coated with 
the insulating polymer. Among these, the electrochemically 
polymerized composites of pyrrole have attained much atten- 
tion due to its excellent flexibility, ease of doping, good 
conductivity and stability under normal environmental con- 
ditions. As the host polymers, poly( vinyl chloride) [ 16,171, 
poly( vinyl alcohol) [ 181, polycarbonate [ 191, polyamide 
[ 201, polyimide [ 211, polyindene [ 221, Nalion [ 231 and 
poly(p-phenylene terephthalamide) [ 241 were cited. 

The electrochemical synthesis of PPy in the presence of 
surfactants has been described by several authors [ 25-281. 
These compounds allow work in aqueous solutions and thus, 
stable, conductive, flexible, electroactive and electrochromic 
PPy films can be produced. 

Poly( arylene ether)s are well accepted as high perform- 
ance engineering thermoplastics and offer excellent combi- 
nations of chemical, physical and mechanical properties at 
ambient and elevated temperatures [ 29,301. ICI’s VictrexT”, 
poly( ether sulfone) (PES) and semicrystalline poly( ether 
ether ketone) VictrexTM (PEEK), Amoco’s UdelTM 
poly( sulfone) and KadelM poly( ketone) are commercially 
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available and are important high performance engineering 
polymers. They are used in a variety of applications such as 
coatings, adhesives, matrix resins for advanced composites, 
toughening agents and ultrafiltration membranes. 

The method most frequently utilized for the preparation of 
poly( arylene ether) s is aromatic nucleophilic substitution of 
fluorides or chlorides from aromatic bishalides and bisphen- 
olates. The aromatic bis( arylhalide) s are activated toward 
nucleophilic substitution by the carbonyl or sulfone groups 
[ 3 l-331. Unless carefully designed, however, poly (ether 
ether ketone)s often exhibit low solubility in common 
organic solvents at high molding temperatures. Therefore, 
the preparation of soluble or processable poly( arylene 
ether) s without sacrificing their desirable properties has been 
of major research interest. The concepts for structural modi- 
fications such as the introduction of flexible bridging linkages 
[ 341 or rnrfll-oriented phenylene rings [ 351 into the polymer 
backbone and incorporation of methyl substituted [ 36.371 or 
bulky substituents [3X] along the polymer chain have been 
used to enhance the solubility and the processability. Also, 
several researchers have reported that introduction of hexa- 
fluoroisopropylidene groups between rigid phenylene rings 
improves the solubility [ 39?40]. 

This article deals with the synthesis of a soluble, process- 
able, aromatic polyether ketone from t-butyl substituted acti- 
vated bishalide and hexafluoroisopropylidene bis phenol A 
in order to use it in the preparation of conducting polymer 
composites of PPy. 

2. Experimental 

2.1. Materials 

5-Tert-butyl isophthalic acid (Amoco) and thionyl chlo- 
ride (Merck) were used without further purification. Fluo- 
robenzene (Mallincrot) and dimethylformamide (Merck) 
were dried over a 3 A molecular sieve. Toluene (Merck) was 
purified by washing it twice with sulfuric acid, next with 
water, then with 5% sodium bicarbonate solution and finally 
with water again. It was dried over calcium sulfate, phospho- 
rus pentoxide and distilled over sodium. Dimethylacetamide 
( DMAc) (Aldrich) was distilled over phosphorus pentoxide 
under reduced pressure. 4,4’-Hexafluoroisopropylidene 
bisphenol (6F bisphenol A) (Aldrich) was purified by 
sublimation. 

Pyrrole (Merck) was distilled before use. The p-toluene 
sulfonic acid (Aldrich) and chloroform (Merck) were used 
as received. 

2.2. Motwrner synthesis nrtd charucterkation 

2.2.1. Synthesis of .5-tert-butyl isophthnlic acid chloride 
A mixture of 5-tert-butyl isophthalic acid (0.0899 mol) 

and SOCl, ( 1.3767 mol) and a catalytic amount of dime- 
thylformamide was stirred at reflux, under N2 atmosphere for 

6 h. Excess SOCl, was distilled away under reduced pressure. 
The acid chloride was used without further purification [ 411. 

2.2.2. Synthesis of 1,3-bis(4-~~to~obe~~~o~l~-~-~ert-b~~~lbe~~- 
:en.e (TBFBBJ 

A mixture of 5-tert-butyl isophthalic acid chloride (0.0772 
mol) and fluorobenzene (0.9590 mol) was stirred under NZ 
atmosphere and cooled in an ice-water bath. Anhydrous 
AlCl, (0.1591 mol) was added slowly to the reaction mixture 
and refluxed for 8 h, Then the reaction mixture was cooled 
to room temperature and poured into a mixture of crushed 
ice, hydrochloric acid and dichloromethane ( 150/30/250 
ml). The organic layer was washed with distilled water, then 
neutralized with an aqueous solution of NaHCO, ( 10%) and 
washed again with distilled water. The organic layer was 
dried over MgSO,, filtered and condensed by vacuum distil- 
lation [4 I]. The solid product was three times recrystallized 
from hexane to yield white crystals (97%); m.p. 114-115 
“C. ‘H NMR (200 MHz, CDCI,) 6: 1.40 (s, 9I-I, t-butyl); 
7.18 (dd 4H, o to F); 7.87 (m, 5H, m to F, and lH, p to t- 
butyl); 8.05 (s, 2H o to t-butyl). FT-IR (KBr, cm-‘): 2964- 
2862 (aliphatic C-H stretching), 3047-3069 (aromatic C- 
H stretching), 1660 (GO stretching), 1228 (C-F stretch- 
ing). MS (El+, m/z): 378.1 (M+ ). Anal. Calc. for 
CZ3Hzo02Fz: C, 76.17; H, 5.32. Found C: 76.15, H, 5.31%. 

0 0 0 

&OH + soci 
F1 

2’c,-yj -C-Cl 

q  

--I- 

2.3. Synthesis of poly(cqlene ether ketone) (PEKJ 

A 100 ml three-necked round-bottomed flask equipped 
with a Dean Stark trap, Nz inlet, condenser was charged with 
TBFBB (0.013 21 mol), 6 F bisphenol A (0.01321 mol), 
anhydrous K&O:, (0.0198 mol), 22.6 ml DMAc and 8.2 ml 
toluene. The temperature of the reaction mixture was slowly 
raised to 120 “C and refluxed for 8 h. The water generated 
during the formation of the phenate was removed by azeo- 
trope (toluene) and the reaction was maintained at 160 “C 
for 8 h. Toluene was distilled out, the reaction mixture was 
cooled to room temperature and the polymer was obtained 
by precipitating it from methanol/water mixture ( l/ 1 vol./ 
vol.). Dried polymer was redissolved in chloroform and pre- 
cipitated from methanol. Finally, the polymer was dried at 
105 “C for 12 h under vacuum (solution viscosity: 0.7553 
dl/g, M,: 192 X lo”, M,,: 65.5 X 103, M,/M,: 3.0). 
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2.4. Preparation of PEWPPy composites 

Composite films were prepared potentiostatically in a 
three-electrode cell. The working electrode and the counter 
electrode were platinum foils of 1.5 cm2 and the reference 
electrode was Ag/Ag’ . The potentiostat used was a Wenking 
POS-73. Electrochemical polymerization of pyrrole was car- 
ried out in distilled water containing 0.05 mol/l pyrrole and 
0.1 mol/l p-toluenesulfonic acid. The solutions were purged 
with N2 for lo-15 min before polymerization and a blanket 
of nitrogen was used during experiments. A PEK coated Pt 
electrode was prepared by depositing a 1 wt.% solution of 
PEK in chloroform onto a Pt foil and allowing the solvent to 
evaporate completely. Thin films of dried polymer on Pt 
electrode were directly used for electrochemical polymeri- 
zation. Syntheses of composites were carried out at aconstant 
potential of 0.5 V relative to the Ag/ Ag ’ reference electrode. 
After a suitable polymerization period, the electrodes were 
removed from the electrolysis medium and washed with ace- 
tonitrile and allowed to dry under vacuum. 

Blank runs were also carried out to ensure that there were 
no changes in the weight of the PEK coated electrode. It was 
observed that PEK did not undergo oxidation during the 
polymerization; in order to prove this, FT-IR spectra of the 
films were taken before and after electrolyses. 

The weight percentage of PPy in the composites was deter- 
mined gravimetrically. PPy/PEK samples were peeled from 
the electrode, thoroughly washed with water and then with 
acetonitrile to remove the supporting electrolyte on the sur- 
face, and then dried under vacuum before characterization. 

2.5. Cyclic voltammetq (CV) experiments 

For CV studies an electrolyte solution of 0.1 molllp-TSA 
in water was used in all experiments. All solutions in the cell 
were purged with N2 for lo-15 min before each experiment 
and a blanket of nitrogen was used during the CV runs. Plat- 
inum wires were used both as counter and working electrodes 
and Ag/Ag+ was used as the reference electrode. The poly- 
mer (PEK) was coated onto the working electrode by dipping 
the Pt wire electrode in the 1 wt.% PEK solution. The dried 
PEK polymer on the Pt working electrode was cycled repeat- 
edly between - 0.2 and + 1.2 (versus Ag/Ag+ ) . 

2.6. Conductivity measurements 

Several films with different PPy contents were used for 
conductivity measurements. The conductivity measurements 
were carried out by using a four-point probe. 

2.7. Thermal analyses 

Thermal characterization of the PEK and the composites 
was carried out using a DuPont modular thermal analyzer 
system in conjunction with a 951 thermal gravimetric ana- 
lyzer and 9 10 differential scanning calorimeter. Thermal gra- 
vimetry experiments were done under a dry nitrogen purge. 
A constant heating rate of 10 “C/min was used. 

2.8. FT-IR spectroscopy 

A Nicolet 5 10-P FT-IR instrument was used to obtain the 
spectra of PER and composites as KBr pellets. 

2.9. NMR spectroscopy 

A Bruker AC 200L spectrometer operating at 200.132 
MHz for ‘H was used to characterize the PEK. 

2.10. Elemental analysis 

Elemental analysis of PEK was obtained by a Carlo-Erba 
1106 elemental analyzer. 

2.11. Scarming electron microscopy (SEM) 

SEM micrographs of electrochemically produced compos- 
ites and pure PPy were taken by a JEOL JSM 6400 scanning 
electron microscope. 

2.12. Molecular weight measurements 

The number and weight average molecular weights of PEK 
were determined by a Waters 5 10 HPLC pump in conjunction 
with a Waters 410 refractometer. 

3. Results and discussion 

It was claimed that, for the reasons of low solubility and 
high acidity of the solution, p-toluene sulfonic acid (PTSA) 
is not a good candidate for PPy synthesis in organic aprotic 
solvents [42]. However, our attempts for the polymerization 
of pyrrole on a PEK coated electrode in tetrabutylammonium 
fluoroborate/acetonitrile, p-toluene sulfonate/water, cam- 
phor sulfonic acid/water electrolyte/solvent systems were 
not successful. Yet, the use of PTSA in acid form enables the 
synthesis of the composite film, most probably playing an 
important role in the swelling of PEK on the metal electrode. 
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3.1. Condlrctivity measurements 

The conductivity of the composite PEK/PPy films was 
found to increase as the time of electrochemical polymeri- 
zation process of pyrrole increased at the constant potential 
of 0.5 V in aqueous PTSA solution. Thus, pyrrole and the 
electrolyte penetrate through the insulating film to reach the 
Pt electrode. As a result, pyrrole is electro-oxidatively poly- 
merized and doped by the counter anion at the same time. 
PPy grows out of the PEK layer and produces a conducting 
surface. The weight percentage of PPy in the composites was 
determined gravimetrically by weighing the PEK coated elec- 
trodes before and after the electrolyses. It was found that the 
solution side of the electrode is conductive, whereas the other 
side is not. This behavior shows that the electrochemical 
polymerization yields a bilayer of which the outer layer is 
pure PPy. The conductivity was found to be proportional to 
the weight percentage of PPy present in the alloy as shown 
by Fig. 1. 

3.2. Morphology of composites 

The morphology of the electrode side of the alloy film is 
generally smooth. On the other hand, the surface morphology 
of the solution side contains globular projections. The for- 
mation of PPy chains on the solution side emerges in the form 
of particles. By peeling the electrolytic film into two layers, 
one can obtain the PEK layer (next to the metal electrode) 
and PPy layer (solution side of the composite film), The PPy 
layer reveals two different morphologies. The side of the PPy 
layer, which was in contact with the insulating polymer layer? 
was smoother than the other side. Furthermore, the cross 
sections of the composite films were investigated. 

In Fig. 2(a)-(d), 250 and 1500 magnifications of PEK/ 
PPy film and pure PPy (synthesized with the same conditions 

as the composites) are shown. As seen from Fig. 2(a) and 
(c) a layered structure consisting of two differentphases was 
observed. From comparison of pure PPy and PEK/PPy it was 
concluded that one layer consisted of pure PPy and the other 
of pure PEK. The formation of the layered structure is prob- 
ably due to the immiscibility of the two polymers. The elec- 
tropolymerization of pyrrole occurs at the surface of the 
electrode and grows through the PEK film, forming a contin- 
uous layer on PEK. The cross section of PPy is uniform 
throughout the surface, whereas cauliflower protuberances 
are observed in PEK/PPy alloys. This is most unusual, since 
in our earlier studies with PPy and several insulating poly- 
mers (polycarbonate [ 191, polyamide [ 201, polyimide 
[2 1 ] ) we have observed homogeneous composites of uni- 
form conductivity and microstructures for both sides of the 
composite films. 

3.3. Thermal analyses 

Fig. 3 reveals the glass transition temperature of electro- 
lytic film and a mechanical mixture of the pure polymers (a 
physical mixture of the two components). 

The thermal analyses of PEK yield a glass transition tem- 
perature 185 “C with 5% loss at 520 “C. Fig. 4(b) and (c) 
shows the thermal gravimetry (TG) curves of the electrolytic 
film and the mechanical mixture. The electrolytic film shows 
10 and 35% weight losses around 325 and 562 “C, respec- 
tively. The TG studies of the composite show that it is simply 
the addition of the TG curves of the pure polymers. 

3.4. FT-IR analyses of the composifes 

The FT-IR spectrum of PPy shows several bands around 
3400 cm - ’ (N-H stretching), 3 110 cm- ’ (aromatic C-H 
stretching), 1547 cm-’ (C=C stretching), 1440 cm-’ (C-C 

4 
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Fig. 1. Conductivity vs. % PPy. 
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Fig. 2. SEM micrographs of c ~055 secti ons: (a) site film (X 250) ; @I I pure PPy ( X 250); (c) composite film ( X 1500); (dj pure PPy 
(reduced in reproduction 60%). 
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Fig, 3. Differential scanning calorimetry of (a) electrolytic film and (b) mechanical mixture. 
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Fig. 5. Multisweep cyclic voltammograms ofpyrrole (a) on bareptelectrade 
and (b) on PEK coated Pt elecrrode. 

with the insulating polymer. This is most probably related to 
the diffusion of the dopant ion in and out during doping and 
undoping processes since the dopant ion is relatively large 
compared to BF,- [ lo]. 
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Fig. 4. TG analyses of (a) pure PEK, (b) PEK/PPy composite filmand (c) 
mechanical mixture. 

stretching), (C-N stretching), 13 10 cm- ’ (mixed bending 
and stretching vibrations associated with C-N links), 1180 
cm - ’ (C=N stretching), 1043 cm- ’ and N-H wagging band 
between 909-666 cm- I. The spectrum of the electrolytic film 
reveals the same bands coming from pure PPy and PEK just 
as the spectrum of the mechanical mixture. 

3.5. CV results 

The anion doping and undoping processes for pure PPy 
and PEK/PPy films were investigated (Fig. 5). The experi- 
ments were performed with a potential scan from - 0.1 to 
+ 1.1 V on bare Pt, and from - 0.2 to + 1.2 V on PEK coated 
electrodes. The CV of pyrrole in water/PTSA medium 
reveals that the electroactivity decreases with increasing 
number of runs whether or not the metal electrode is coated 

4. Conclusions 

By electrochemically polymerizing pyrrole in the PEK 
matrix we obtained composites of PPy and PEK with good 
environmental stability, high conductivity and good 
flexibility. 

Based on the conductivity measurements, SEM and ther- 
mal analyses it is deduced that PEK and PPy coexist as two 
separate phases in the composite and no specific chemical 
interaction occurs between them, contrary to some cases we 
have come across earlier. 
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